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 The thesis deals with issue of immobilized lipase, which was studied concretely from the 
aspect of interactions between lipase and carbon-based carrier. Immobilization of lipase from 
Rhizopus arrhizus (RA) was performed by adsorption onto graphene oxide types of carrier 
(a1, a, b, c and d) and by covalent attachment onto poly(ethylene glycol) modified carrier a1, 
PEG-a1. Adsorbed enzyme was additionally cross-linked with glutaraldehyde, GA(RA-a1). 
The influence of hydrophobic character of the carrier surface was confirmed since enzyme 
immobilized onto carriers with more hydrophobic surface (less polar groups) achieved higher 
activity retention at raising enzyme concentration. All activity assays were done 
spectrophotometrically using p-nitrophenyl laurate (p-NPL) as a substrate. The basic 
biochemical and kinetics characteristics were determined for immobilized as well as soluble 
enzyme. 
 The pH optimum of covalently attached and adsorbed enzyme was shifted to more acidic 
environment (pH 7-8), whereas for soluble enzyme the optimum was achieved at pH 9. The 
thermostability of immobilized samples was significantly improved in the case of GA(RA-a1), 
where the glutaraldehyde chemistry was additionally involved. The glutaraldehyde cross-
linking of adsorbed enzyme lead to the enhancement of the thermostability, which may be the 
consequence of intermolecular covalent linkage. 
 The storage stability evaluation showed great improvement of lipolytic activity retention 
during the condition of the samples at 4 °C in phosphate buffer. Soluble enzyme lost more 
than 84 % of its initial activity after 42 days, while the immobilized enzyme onto c carrier 
kept still 100 % of its initial activity. The best storage stability showed the c carrier while 





















 Tématem diplomové práce je imobilizace lipáz a konkrétnČ studium interakcí mezi lipázou 
a nosičem na bázi uhlíku. Lipáza izolovaná z kmene Rhizopus arrhizus byla adsorbována 
přímo na různé typy grafen oxidu Ěa1, a, b, c a d) a na grafen oxid typu a1 modifikovaný 
poly(ethylenglykolem), PEG-a1. Enzym adsorbovaný na nosič a1 byl následnČ sesítČn pomocí 
glutaraldehydu a vzorek byl označen jako GA(RA-a1).  
Vliv hydrofobního charakteru povrchu nosiče na účinnost imobilizace byl potvrzen vyšší 
úchovou počáteční aktivity enzymu imobilizovaného na více hydrofobním nosiči Ěnižší 
koncentrace polárních skupině i při vyšší koncentraci rozpustného enzymu v roztoku. 
Stanovení enzymové aktivity bylo provedeno spektrofotometricky za použití p-nitrofenyl 
laurátu Ěp-NPL) jako substrátu. Pro imobilizovaný a volný enzym byly stanoveny základní 
biochemické a kinetické parametry. 
  Optimální pH kovalentnČ imobilizovaného enzymu bylo posunuto do více kyselého oblasti 
(pH 7-8ě ve srovnání s volným enzymem, kdy bylo optimum dosaženo při pH 9. Tepelná 
stabilita imobilizovaného enzymu byla výraznČ zlepšena v případČ vzorku GA(RA-a1), kde 
bylo aplikován glutaraldehyd po adsorpci enzymu na nosič. Sesíťování adsorbovaného 
enzymu pomocí glutaraldehydu vedlo ke zlepšení tepelné stability vzorku, a to 
pravdČpodobnČ v důsledku intermolekulárních kovalentních vazeb.  
 Na základČ mČření stability enzymu při teplotČ 4 ˚C ve fosfátovém pufru bylo prokázáno 
značné zlepšení úchovy lipolytické aktivity imobilizovaného vzorku oproti volnému enzymu. 
Volný enzym ztratil více než 84 % své původní aktivity za 42 dní, zatímco imobilizovaný 
enzym na nosiči c si zachoval 100 % své původní aktivity. Nejlepší stabilitu enzymu při 
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1 THEORETICAL PART 
1.1  Introduction    
 Generally, immobilization is a technique used for the physical or chemical fixation of 
enzymes, other proteins (for example monoclonal antibodies) or whole cells onto a solid 
carrier, into a solid matrix or retention by a membrane, in order to increase their stability and 
make possible their repeated or continued use (Fig. 1) [1]. There has been not a general 
method that can be applied to the immobilization of any enzyme. Satisfactory system has to 
be developed for each enzyme type. Typically the approach used is one trial and error [2].  
 
 
Fig. 1.: Classification of immobilization methods [3] 
  
 Enzymes as the stereospecific biocatalyst are of the interest in the field of food industry, 
pharmaceutical transformation, biosensors, artificial cells, cell free reaction, drug and 
nutrition delivery technologies, and imaging [4]. The main reason for enzymes 
immobilization onto the carrier is that enzymes once immobilized often show improved 
physical stability and enhance ability to be reused. These aspects can lead to lower costs and 
often even to higher productivity of process [5]. On the other hand, enzymes in contact with 
solid material surface may lose their activity as the consequence of enzyme character, nature 
of carrier material, or the interface between the enzyme and material as the carrier. Inherent 
part of activity lose may appear due to limited access of substrate in the surrounding 
environment. Enzyme, carrier material as well as the interface has to be well determined and 
described to overcome the loss of activity after the immobilization process [4]. It is necessary 
to study selected parameters for understanding and optimizing immobilization process (Fig. 
2).    
 
 
Attachment to surface 
- covalent bonding 
- ionic binding 
- adsorptive binding 
- metal binding 
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Cross-linking 
- direct cross-linking 
- crystallization + cross-
linking 
- co-cross-linking 













Fig. 2.: Characteristics of immobilized enzyme[6]  
 Effectiveness factor (η) for each type of biocatalyst was defined as follows.                                                                                                  , 
 where v´ is the effective reaction and v is the intrinsic reaction rate (reaction rate in the 
absence of internal diffusional restrictions) [7]. 
 Each unit entering to the immobilization process is characterized in advance. Biochemical 
properties of enzyme are characterized, such as molecular mass, functional groups, purity, 
prosthetic groups, etc. [5].  
 The thesis deals with immobilization of model enzyme-lipase on graphene oxides as 
carriers. In experimental part of the thesis, concretely biochemical parameters - specific 
activity, pH optimum, temperature profile and kinetics parameters of enzyme immobilized on 
graphene oxide were evaluated.  
1.2 Non-Covalent, covalent and non-specific immobilization 
1.2.1 Covalent immobilization 
 Immobilization by covalent bonding is one of the most complicated methods based on the 
sharing of electron pairs between the components (atoms of functional groups of enzyme and 
carrier). Carrier represents water-insoluble particle in this case. The interactions are stronger 
than those occurred in non-covalent binding. This bonding due to the formation of multiple 
covalent bonds between enzyme molecules and the carrier reduces the conformational 
flexibility and thermal vibrations of molecules and thus prevents protein unfolding and 
denaturation [8] . The leakage of enzymes in principle is not observed [4]. Covalent bonding 
can be classified as follows based on the character of bonds (Tab. 1) [6].  
Enzyme                                  Carrier 
•Biochemical properties                         Chemical characteristics 








storage stability  
•No.cycles  
Performance 
•Enzyme consumption [enzyme units per kg of a product 
until half-life] 
•Productivity = amount of formed product per unit or 




Tab. 1.: Characteristic bonds of covalent immobilization [6] 
characteristic bonds of covalent immobilization  
diazotation CARRIER--N=N--ENZYME 
amide bond formation CARRIER --CO–NH--ENZYME 
alkylation/arylation CARRIER --CH2–NH--ENZYME 
Schiff's base formation CARRIER --CH=N--ENZYME 
amine reaction CARRIER --CNH–NH--ENZYME 
thiol-disulfide interchange CARRIER --S–S--ENZYME 
carrier binding with bifunctional 
reagents 
CARRIER -O(CH2)2N=CH(CH2)3CH=N-ENZYME 
UGI reaction Reaction of ketone or aldehyde, an amine, an 
isocyanide and a carboxylic acid to form a bis-
amide 





            
 On the other hand, covalent bonding may result in the change of the conformational 
structure of protein and alters the active centre of the enzyme [6]. Consequently, significant 
loss of enzyme activity is observed. 
1.2.2 Non-covalent immobilization 
 Non-covalent immobilization involves interaction such as physical adsorption, ionic 
binding, hydrophobic adsorption, and affinity binding (Fig. 3).  
 
 
Fig. 3.: Interactions occurring during non-covalent immobilization methods [10]. 
  
 Adsorption is the simplest immobilization method, widely used [9]. During the physical 
adsorption enzymes are attached to the carrier through hydrogen bonds, van der Waals forces, 
hydrophobic interactions, electrostatic forces or aromatic π-π binding [8][3]. These bonds are 
usually readily reversible by changing the conditions such as pH, ionic strength, temperature 
or polarity of the solvent, which influences the strength of the interaction [9]. Adsorption has 
advantages of facile performance due to enzyme activity retention and relatively low 
immobilization cost [8]. On the other hand these interactions are generally weak and the 
leakage occurs frequently during the maintenance [9].  
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 Adsorption has been used for immobilization of lipases from Candida rugosa on 
membranes. It has been invented that adsorbed lipases can be desorbed in high water-activity 
system and therefore is desirable to work in organic media where it is practical insoluble [6].   
 In ionic binding the immobilization is achieved by the ion-exchange between the enzyme 
and solid carrier, which isusually based on polysaccharides or synthetic polymers (Fig. 4) [9]. 
The resulting binding forces are stronger than those in adsorption but less strong than covalent 
bonding. The immobilization is easily carried out with the minimum of enzyme 
conformational changes and stable high activity. The leakage may occur when pH value or 





Fig. 4.: Different types of ion exchangers used for the immobilization of enzymes, 
depending on their surface charge [7].   
  
 Affinity binding is one of the preferred methods, when the selectivity of interaction is 
needed [6]. The approach to use affinity binding in immobilization process relies on proteins 
containing specific parts suitable for affinity binding. These parts called tags are usually 
amino acids sequences, ranging in size from few amino acids to whole protein. A wide variety 
of these interacting partners was prepared, such as cellulose, chitin, calmodulin, polyhistidine 
tags, and those based on avidin-biotin interaction and antibodies-antigen interaction. One of 
the advantages of use of fusion protein approach consists in the possibility of the attachment 
of one type of fusion protein to different proteins of interest. This fact enables the usage of 
one carrier for immobilization of various enzymes, but, however, the preparation of this 
carrier becomes often very expensive or complicated [10].  
 Hydrophobic adsorption includes van der Waals interaction/entropically driven interaction 
[9][2]. It is possible to modulate hydrophobicity of carrier by variety of substituent [11]. It is 
necessary to take into the account that large surface area of the carrier might also play role 
[2]. The strength of interaction depends on the hydrophobicity of the adsorbent and the 
protein. The hydrophobicity of the adsorbent can be regulated by the degree of substitution or 
by the size of hydrophobic ligand molecule [9]. Lipases have been found to expose the most 
hydrophobic superficial regions among well-known enzymes. Lipases break down fats; 
therefore they are active at the interface of oil/fat and water. Most of the lipases show 
interfacial action. The conformational change is shown at Fig. 5 [2].  
+ + + + + + + - - - - - - -
COO -











Fig. 5.: Lipases immobilized on hydrophobic carriers [8].  
 
 Hydrogen bonds can be formed between the hydrophilic part of the enzyme and 
hydrophilic groups of the carrier. Hydrophilic properties on the surface of the enzyme result 
from hydrophilic amino acid residues or enzyme glycosylation [2]. The hydrogen bond is 
stronger than a van der Waals interaction, but weaker than covalent or ionic bonds. 
1.2.3 Non-specific immobilization 
 Non-specific immobilizations are methods without the specific binding between the carrier 
and enzyme. Among these methods belong entrapment, encapsulation, and cross-linking.  
 Entrapment is based on the occlusion of the enzyme within the polymeric network. This 
system allows the substrate and product to pass through and retains the enzyme at the same 
time. There are different approaches to entrapping enzymes in gel, polymers, further fibre 
entrapping or micro-encapsulation [9].  However, this method has limitation by mass transfer 
through membranes or gels. On the other side it is possible to achieve enhanced activity due 
to reactivity in environment unsuitable for enzyme. Enzyme is covered by entrapping matrices 
and not underlies inhibition [11].  
 Encapsulation is based on enclosing of enzyme into the matrices [13]. The main demand 
on the matrices is to have a suitable adequate size to provide enclosure of an enzyme without 
hindering the substrate diffusion [2]. Lipid-based matrices widely used in drug delivery allow 
encapsulation of hydrophobic or hydrophilic molecules [11]. Polyvinylalkohol (PVA) gel 
formed to the shape of lentils (Czech patent) became widely used in industry in last few years 
[14]. 
 Cross-linking is a method, which enhances stability of enzyme in reaction solution. 
Bifunctional reagent such as glutaraldehyde forms aggregates or crystals of enzyme. The 
precipitates of enzymes are called cross-linked enzyme aggregates (CLEAs) [15]. They show 
high stability even at higher temperature and give a good performance in aqueous as well as 
in non-aqueous media [9].  
 The summarization of some factors to be taken into account for the proposal of the 





Tab. 2.: Some factors to be taken into account for the proposal of the immobilization of 
enzymes[8][16]. 
methods of immobilization  factors to be taken into account 
set up of immobilization route Purified vs. crude enzyme 
enzyme Biochemical characterization of soluble enzyme 
including its stability at immobilization conditions 
carrier Cost and availability of the carrier material. 




Non-specific interactions between the carrier and the 
substrate 




hydrophobic organic carrier  
(polyesters) 
Lipases show bipolar hydrophobic/hydrophilic nature  
but preferentially are immobilized on hydrophobic 
surface 




ionic strength of the immobilization buffer to favour 
protein adsorption 
  
ionic interactions Isolelectric point (pI) of purified enzyme  
 
Charged side chains on the enzyme surface 
 
pH and ionic strength of buffers used for 
immobilization process 
covalent binding/cross-linking Nine side chains of amino acids are available for 
covalent attachment: guanidinyl group of arginine, the - and -carboxyl groups of glutamic and aspartic acid, 
respectively, the sulfhydryl group of cysteine, the 
imidazolyl group of histidine, the -amino group of 
lysine, the thioether group of methionine, the indolyl 
group of tryptophan, and the phenolic hydroxyl group 
of tyrosine 
 
pH values of reaction solution suitable for nucleophilic 
attack at pH below the pKa of reactive amino groups is 
in its protonated form and hence becomes unreactive 
 
 
encapsulation Size of enzyme 
 
Synthesis conditions for the polymer (sol-gel process) 
1.2.4 Stabilization factors of immobilized enzymes 
 Immobilized enzyme stabilization has notable importance due to increasing number of 
enzyme applications. Stabilization of immobilized enzymes is studied regarding to realize 
their full potential as catalysts [15]. Up to now many strategies have been developed. 
Frequently used additives to stabilize the enzyme-carrier interaction are carbohydrates, 
poly(ethylene glycol), PEG, albumin, glutaraldehyde, etc.[2]. 
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 The structure of enzyme protein has a direct effect on its catalytic efficiency, on its 
capacity to transform a specific chemical functionality and on its regio- and stereoselectivity, 
which are important features for biotechnological applications based on these catalysts. 
Furthermore, enzyme stability also depends on its protein structure. Indeed, both the primary 
protein structure i.e. amino acids residues sequence and the final folded protein macro-
conformation being subsequently formed determine the inter- and intramolecular interactions. 
These non-covalent (e.g. hydrogen, electrostatic interactions, and hydrophobic interactions) 
and covalent bonds (e.g. disulfide bonds, metal binding) form the background for enzyme 
stability. In general, conformational changes might contribute to the thermal stability, higher 
rigidity, low conformational strain, and reduced entropy of unfolding [17]. To stabilize the 
enzyme it is possible to use protein engineering. To give an example, thermostability is a 
result of small differences in specific amino acid sequences that confer a more rigid 
conformation and higher number of hydrophobic interactions. Stabilization by chemical 
modification of enzyme is attractive but has not received much attention up to now. It permits 
unlimited alteration of amino acid side chain. Chemical modification can be done by 
monofunctionally substituted enzymes. These reactions include modification on the base of 
amino acid derivates, acylated anzymes, alkylated enzymes and enzymes with miscellaneous 
substituents [15].  
 Other approach is reticulation by glutaraldehyde and other bifunctional agents (e.g. 
diimides, disulfonylchlorides), which can lead to genuine enhancement of conformational 
stability (higher rigidity leads to increased pH optimum, thermostability, and organic solvent 
stabilization).  
 As last possibility to stabilize the enzyme is used of polysaccharides or polymers. Grafting 
of enzymes to polysaccharides increases their stability to heat, storage and chemical 
denaturants. In addition, most glycoproteins have high water solubility. There few reports on 
grafting of polymers to enzymes. In some cases the polymer-attached enzyme shows different 
kinetic properties and pH profile. Polymer-grafted enzymes have been patented for use in 
detergents and penicillin hydrolysis [15].   
 Hydrophobic surface carrier is possible to be modified with polymers, poly(ethylene 
glycol), chitosan, polyacrylic acid, etc. [4].  To increase the substrate interaction with enzyme, 
a tether may be introduced between the carrier and protein. The tether (spacer) can allow the 
functional unit of the protein to by freely available, reduce unfavourable charge or 
hydrophobic/hydrophilic interactions and reduce enzyme aggregation. Spare molecules such 
as amino acids, ethylenediamine and poly(ethylene glycol) have been shown to provide an 
increase in the retained activity compared to direct conjugation to the carrier. It also provides 
provide thermodynamic barriers to unfolding. A tether may also promote mobility of the 
biocatalyst to allow for better dynamic motion for interaction of the protein with a substrate 
[17]. Sparer introduction contributes to better preservation of the protein structure. It was 
confirmed by less pronounced smoothing of the membrane surface displayed by atomic 
surface microscopy (AFM) [18]. PEGylation was used to increase the stability of lysozyme 




1.2.5 Enzyme nature 
 Removing an enzyme from its native conditions for use in an artificial system can alter the 
interactions of the protein with its environment, affecting the molecule equilibrium between 
the native and unfolded states of the protein. The presence of polar (neutral and/or ionisable) 
groups will determine the tendency of an enzyme to form hydrogen bonds and/or salt bridges. 
The charged surface-exposed amino acids can form electrostatic interactions with the carrier. 
The presence of highly charged regions in some enzymes can influence orientation of the 
enzyme when in contact with a charged material surface. Ionic strength and pH are the 
medium parameters that can be used to modulate the electrostatic interactions. In particular, 
ions in the medium compete with enzyme charges for the polar groups of the support, 
especially at high concentration. The extremes in local pH can alter the protonation state of 
amino acids and the ionic strength might change the protein hydration shell, causing changes 
in hydrogen donor/acceptor characteristics, loss or gain of electrostatic repulsion. Strong 
interactions can lead to distortion of a biomolecule rendering it inactive. Both types of charges 
(cationic or anionic) on a carrier surface can affect the enzyme conformation and activity 
upon immobilization [2][19].  
 Proteins with solvent accessible hydrophobic groups have been shown to adsorb tightly to 
hydrophobic surfaces due to a lowering of the free energy in aqueous solution. The 
hydrophobic interactions cause a dehydration of the protein surface, and the subsequent 
adsorption presents a shift in the structure of the protein connected with loss in enzymatic 
activity [2]. Hydrophobic side groups are often buried in the centre of the protein. The 
hydrophobic adsorption is tight due to a lowering of the free energy in aqueous solution.  
Lipases are enzymes, which have been shown to increase their activity when immobilized to 
hydrophobic carrier. On the other side, hydrophilic carrier has been also used for lipase 
immobilization, for example hollow fiber membranes and nanofibers modified with collagen 
and chitosan. However, these hydrophilic carriers can by bind by microbial organisms or 
swell and/or degrade under operational conditions [17]. 
 Considering lipases, most of them have a α-helix fragment, named ,,lid", which opens the 
entrance to catalytic active site in the presence of hydrophobic phase, naturally formed by the 
substrates (triglycerides). Detergents have been find to be employed in order to open the lid 
and keep this activated conformation also after (freeze)-drying ("imprinting" effect) [17]. 
  Metal ions and other ions may enhance the catalytic activity of enzymes and also confer 
their thermostability. Many enzymes require the presence of the metal ions for the 
maintenance of their active structure. The commonly studied metal ions are Ca2+, Mg2+, Na+, 
Cu2+, Fe2+, Mn2+, and Zn2+  [20].  Cofactors are not generally required for lipase activity, but 
some of the metal ions often stimulate enzyme activity. In structure of protease from B. 
stearothermophilus has been shown to contain four Ca2+ ligands bound to asparagine and 
glutamine carboxyl group. Bridging function of Ca2+ increases molecular rigidity [15]. The 








Tab. 3.: The effect of ions on Rhizopus aryzae lipase catalytic activity against triolein [21]. 
Compounds Concentration  mM Relative activity in % 
p-chloromercuribenzoate 0.5 104 
phenylmethylsulfonyl fluoride 0.2 96 
Fe2+ 5 61 
Cu2+ 5 28 
Hg2+ 5 16 
Fe3+ 5 6 
1.2.6 Interface 
 Nature of interface is perhaps least studied in comparison with character of enzyme and a 
carrier. The rate of enzyme catalysed reaction on the substrate could be limited by diffusion 
and by enzyme mobility at the carrier surface. Both enzyme mobility and diffusion limitations 
are connected to the conditions at the interface between the enzyme and substrate [22]. 
 The microenvironment surrounding immobilized enzyme differs from that of the bulk 
solution. The presence of charged groups on the carrier surface or the 
hydrophilic/hydrophobic disparity between the carrier and the bulk solution can produce a 
gradient of solvent, substrate and ions.  
 Mass transfer limitations can reduce substrate diffusion through porous carrier. In the case 
of non-porous materials a boundary layer (i.e. Nernst layer) is a present at the interface of, 
which can influence mass transfer of the substrate to the surface-immobilized enzyme. These 
partitioning and mass transfer effects can influence the velocity of the reaction, optimal pH, 
and apparent affinity of enzyme to substrate. All this aspects have to be characterized for 
successful immobilization [4].  
 From the point of view of protein loading, lipases have shown low retained activity at low 
loading and increased activity at higher loadings [4]. 
1.2.7 Character of carrier for enzyme immobilization 
 The characteristics of the carrier material (surface charge and chemistry, surface area, 
porosity, particle size, etc.) have a strong influence on the performance of an immobilized 
enzyme. The following properties should be well selected and balanced for a specific 
immobilization and subsequent biotransformation. 
 Character and concentration of functional group on the surface are one of the most 
important properties of the carrier. Some types of functional groups on the surface can 
significantly enhanced thermal stability, operational stability or storage stability. Even they 
determine the activity yield of the immobilization reaction in itself. Most frequent reaction in 
enzyme immobilization nucleophilic attack, where amino groups of enzyme and activated 
carrier functional groups (very often aldehyde groups) take a place. The covalent attachment 
was also found in immobilization procedure very often. The great advantage of covalent 
attachment is rigid binding of the enzyme to carrier, which avoids the enzyme getting into 
contact with highly reactive organic compounds. To stabilize the enzyme it is desirable to 
decrease the conformational space available for denatured form, which can be done through 
multi-point attachment. Moreover, some immobilization processes avoid aggregation or 
proteolysis, which can lead to increased operational stability [6].  
 Large surface area (>100 m2 g-1) and high porosity are often required of carrier, so that the 
substrate has easy access to the enzyme [6]. In the case of nanoparticles the large surface area 
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is available for protein immobilization and mobility of enzyme adsorbed is not as restricted as 
in the case of microsized carriers. Both the surface area size and topography (curvature) has 
been associated with protein adsorption characteristics [24].  Recently, reducing the size of 
carrier material has been demonstrated to promote activity retention of an immobilized 
enzyme due to the changes in its mobility, curvature-induced associations and spatial 
confinement.  
 The termostability of Soybean peroxidase immobilized physically on walled nanotubes and 
graphite flakes at 95 °C was studied by Asuri et al. Significantly enhanced stability for 
enzyme immobilized on nanotubes was ascribed to the size and curvature of the surface. The 
deactivation rate was reported to be dependent on enzyme loading for both carrier types. It 
was concluded that undesired lateral protein-protein interactions were decreased [25].  
 The spatial confinement at pore dimensions nearing protein size in combination with a 
hydrophilic surface interaction limited conformation changes during immobilization and 
maintained enzyme integrity. Lactase dehydrogenase also showed better activity when 
immobilized on glass with pore size of 30 nm vs. a glass with pore size of 100 nm [26]. 
 Frequently discussed feature is the hydrophilicity/hydrophobicity balance of the carrier 
surface. Obviously influences both type and strength of non-covalent interactions between 
protein and the carrier. Special attention should be paid to carrier influence on the adsorption, 
distribution and availability of the substrate and formed products [6]. Dominant hydrophobic 
associations between an enzyme and hydrophobic support were shown to reduce enzymatic 
activity due to complimentary unfolding of the hydrophobic core towards the surface. The 
disadvantage of such carriers lies in activity loss connected with low/high protein loading. 
The energy minimization associated with surface-surface interaction between a hydrophobic 
carrier and unfolded/exposed hydrophobic side groups of an enzyme can be contradictory to 
enzyme activity so these supports are not always deemed suitable for immobilization 
application. Lipases represent a group of enzymes, for which the activity was shown to 
increase during immobilization onto hydrophobic support [27]. 
 The insolubility of carrier in media used for both immobilization and following enzyme-
catalyzed reactions is essential, not only for preventing of enzyme loss, but also to prevent 
contamination of the products by dissolved particles or enzyme.  
 Mechanical stability and rigidity of are dependent on the type of immobilization process or 
type of reactor used for enzyme catalysed reactions. For example, the carrier should be stable 
against sheer forces to minimize an abrasion a stirred tank reactor [6].   
 Resistance to microbial attack during long term usage the support should be obvious 
feature.  Requirement on reusability (recyclability) is of the interest in the case of expensive 
carrier materials [6].  
1.2.8 Methods for characterization of the conformational changes of immobilized 
enzymes 
 Lipolytic activity determined by even several methods does not give information on the 
character of interactions between immobilized enzyme and the carrier connected with enzyme 
protein conformation For this purpose conformational analysis provides more clear insight 
into the structure changes and help explaining modification of immobilized enzyme 
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functionality Clearly, to obtain reasonable results, purified form of enzyme (e.g., in the 
absence of other proteins or additives) is required  for this analysis [17].  
 UV-VIS spectrophotometry is a method, where the transmittance of homogenous and 
transparent protein solution is measured allowing also monitoring of changes occurring in 
protein conformations. In the case of heterogenous immobilized sample the suspension is 
obtained and hence this method failed. Diffuse-reflectance UV-VIS spectroscopic analysis 
permits accurate measurement. This method was used in combination with Raman 
spectroscopy to detect the structural features connected with pH dependent peroxidase activity 
of wild-type yeast cytochrome c and its triple mutant (K72AK73K79A) adsorbed onto 
kaolinite as a carrier [28]. 
 Fourier Transformation Infrared spectroscopy (FT-IR) is frequently utilized method for 
identification of the composition and the structure of chemical compounds and multi-
component materials [29]. The most important vibration band is localized at wavelength of 
1700–1600 cm-1, and is called amide band I (to  C=O stretching). The amide II band confirms 
N-H bending (1600-1500 cm-1). Both amide I and amide II bands are sensitive to occurrence 
of H-bonds, hence dried and moisture saturated enzyme should be evaluated to confirm the 
formation of hydrogen bonds between an immobilized protein and a carrier. The amide band 
III is related to the stretching of C-N, N-H and C-R of the amide bond (1750 cm-1). All have 
often been used for the conformational analysis of proteins. Generally, IR bands appearing 
between 1660 and 1690 cm-1 have been assigned to β turns. This spectral region corresponds 
to weak solvated or shielded amide carbonyl groups, which are not involved in H-bonds of α-
helix or β-sheets [30].  
 Fourier transformed Raman (FT-Raman) spectroscopic analysis enables measurement of 
both soluble enzymes and immobilized ones in their solid state. Raman spectra of proteins 
consist of bands associated with peptide main chain, possibly also of aromatic or sulphure 
containing side chain. The advantages are that this method does not require sample 
preparation and is not hindered by variations in sample morphology on the contrary with 
infrared spectroscopy. The secondary structure of enzyme can be determined by analysis of 
the amide band shape and position in spectra. FT-Raman spectroscopy is frequently used in 
combination with other spectroscopic methods [17]. 
 Circular dichroism (CD) measurements carried out in the far-UV (250-190 nm) and in the 
near-UV (300-250 nm) region give information on the secondary and tertiary structure of 
proteins, respectively. Unfortunately the presence of solid large particles in the sample may 
cause adsorption flattening and lead to artefacts. In the case of nanoparticles used as enzyme 
immobilization carrierreliable CD spectra of immobilized enzymes were obtained. For 
example nanoparticles of hydrophilic silica or hydrophobic teflon particles caused minimal 
light scattering and do not show fast sedimentation [31]. 
 Fluorescence can be used for analysis of enzyme in solution, which can give indications on 
the effect of a respective carrier on the conformation changes of the unbound fraction of the 
enzyme. It was documented by using this technique that temperature dependent 
conformational changes occurred during lysozyme adsorption on silica [32].  
 Other techniques such as solid state nuclear magnetic resonance (SSNMR) and surface 
plasmon resonance (SPR) were found as efficient tools for investigating the conformational 




 Lipases (triacylglycerol acylhydrolases, EC 3.1.1.3) are enzymes produced by many strains 
of microorganisms including Rhizopus arrhizus [33]. Lipases are often the only lipophilic 
component in the fermentation broth of lipase producing microorganisms. They can be 
extracted and purified by adsorption onto hydrophobic carriers, during one single step [2]. 
Lipases have been shown as efficient biocatalyst for hydrolysis of fats and oils. The 
mechanism is based on the cleavage of ester bonds of triacylglycerols to yield free fatty acids, 
diacylglycerols and monoacylglycerols. This hydrolytic capability has led to wide use of 
lipases in industrial applications, such as in chemical, food, pharmaceutical, and detergent 
industry [34]. Other related capability consists in catalysis of synthesis of fatty acid esters and 
various important intermediates in organic synthesis, including resolution of racematic 
mixture. One of the major advantages of lipase based biocatalyst is their high regio- and 
stereospecificity in organic synthesis [35].   
 The genus Rhizopus is classified under the family Mucoraceae in the order Mucorales of 
the phylum Zygomycota [36]. Rhizopus arrhizus (=oryzae) is the most widespread and the 
most important agent of mucormycosis [37]. They are recovered in profusion from decaying 
vegetables, fruits and their seeds, grains and molding bread [36]. The typical Rhizopus 
structure is often multiple sporangiophores arising from a single point on the mycelium. On 
the top of sporangiophores are almost globose columellas [37]. Colonies are grey, reminding 
of cotton wool, and they turn in yellow to light brown. They grow very fast, within four days 
[38].   
 This filamentous fungus has been shown to have interesting biocatalytic and 
bioremediation properties. It is capable to catalyse processes involved in production of L(+)-
lactic acid, optical isomer with a wide range of applications in food, pharmaceutical and 
cosmetics industries. It was produced in simultaneous saccharification and fermentation 
process, where the starch waste as a substrate was used [38]. Another biocatalytic application 
of Rhizopus arrhizus lipase was found out for transformation of steroid, i.e. conversion of 
diosgenin to the cortisone, which is widely used in medicine [39]. The biocatalytic properties 
of lipase from Rhizopus arrhizus is shown in Fig. 6 on the basic lipase biotransformation of 
triacylglycerols.  
 
Fig. 6.: Biocatalytic properties of lipase from Rhizopus arrhizus [39].   
 
 Rhizopus arrhizus microorganism has been also studied for its potential of biosorption of 
hard and soft metals. Both the types of metals can be adsorbed. Such property is of interest of 
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environmental engineering sinceit is a promising method of cleaning up metal pollution 
[40][41].  
1.4 Enzyme activity assays   
 Several methods for the measurement of lipase activity of crude or purified lipase 
preparation have been developed. Rates of lipase reaction can measured by determining of the 
rate of disappearance of the substrate (the triglyceride), the rate of production of fatty acids or 
the rate of emulsion clarification [42]. 
 With no doubt it is important to determine activity by a simple and rapid method. Among 
broad range of the methods two are the most commonly used ones. The first one is the 
titrimetric method, which uses olive oil as a substrate. The second method is the colorimetric 
method, generally more favourable due to its simplicity, rapidness and only small volume of 
the sample needed for analysis [42]. In the colorimetric method lipase activity is determined 
by the hydrolysis of p-nitrophenyl esters of fatty acids with various acyl chain lengths with 
>C-10 (generally lauric or palmitic acids). The hydrolysis of carboxylic acid esters leads to 
the release of alcohols such as n-naphthon, p-nitrophenol or 2,4-dinitrophenol that can be 
monitored continuously and quantitatively using a spectrophotometric method [43]. In the 
thesis, p-nitrophenyl laurate (p-NPL), which appears to be stable at elevated temperature, was 
utilized in the experimental part for immobilized and free enzyme activity assay. The 
absorbance of the yellow coloured p-nitrophenol (pKa 7.15) at wavelength of 405 nm or 410 
nm was measured. Enzyme activity is expressed in µmoles of p-nitrophenol released per one 
min. Up to now studies on activity of lipase immobilized on graphene oxide as the carrier 
have been published. The hydrolytic activity of covalently attached lipase from Candida 
rugosa to GO-COOH modified carrier was studied. At optimal temperature of 40 ˚C, the 
immobilized lipase retained 80% of the hydrolytic activity of the free lipase [44]. 
Significantly higher hydrolytic activity of GO-bond lipase compared to soluble lipase was 
measured also in the organic solvent [45].  
 Industrial applications of lipases are limited by their thermostability at high temperatures 
and pH stability at operating industrial conditions. Therefore, searching for the thermostable 
enzymes is of the great interest [46]. Thermostability can be greatly advance by modification 
of carrier, enzyme or immobilized enzyme. It was reported that covalently bound lipase, by 
means of glutaraldehyde chemistry, presented an improved thermal stability compared to 
directly adsorbed lipase and soluble form of lipase. The soluble lipase lost almost 85% of its 
initial activity at 50-55 ˚C while the adsorbed samples hold over 80% of its initial activity. On 
the other hand, the covalently bound system could retain almost 90% of initial activity. The 
temperature optimum was observed at 35 ˚C for soluble lipase, 50 ˚C for adsorbed lipase and 
for covalently bound sample the temperature optimum increased to 55 ˚C [47].  
 Optimal pH values for soluble and GO-immobilized enzyme have been also reported. The 
soluble alkaline protease loosed its activity gradually above pH 7. The alkaline protease 
immobilized onto GO nanosheets achieved pH optima at pH 8 and to pH 11 and retained its 
initial activity above 90 % [48]. The results reported for soluble and immobilized lipase 
isolated from Bacillus sp. reflected different trend. The soluble form showed pH optimum at 
pH 8. The lipase immobilized via covalent interaction on glutaraldehyde-activated aluminum 
oxide pellets showed broad pH optimum in the range of 7-9 [49]. The change in optimum pH 
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is usually explained by an alteration in the microenvironment of the enzyme due to the 
immobilization or carrier character [48].  
 The kinetics parameters reported in literature usually involved higher Km value for the 
immobilized lipase (covalent attachment) compared to that of soluble lipase. It indicates that 
the immobilized enzyme had an apparent lower affinity for its substrate in comparison with 
soluble enzyme. It might be the consequence of the steric hindrances of the enzyme active site 
by the carrier. The Vmax value of the immobilized lipase was frequently lower than that of the 
free lipase. Diffusion limitations could be the reason for the loos of enzyme activity [47]. 
 Excellent storage stability without losing substantial biocatalytical efficiency is the key 
factor for any industrially important enzyme and often influences the final assessment for 
available enzymes in the similar domain. Storage stability is an intrinsic property of the 
enzyme and varies with different sources of extraction. However it can be improved by cross-
linking of the enzyme with a suitable matrix [50]. Storage stability has been tested within 30 
days, when lipases isolated from Candida rugosa both soluble and immobilized onto 
glutaraldehyde activated nanofibrous membranes via covalent bonds were kept in phosphate 
buffer at 4 ˚C for 30 days. The result showed that the free lipase lost more than 90 % of its 
initial activity after 15 days, while the retained activity of the immobilized lipase was 80 % 
during the same period and 67 % of its initial activity after 30 days [51].  
1.5 Graphene oxide as a novel carrier for protein immobilization 
 Graphene is a one-atom-thick two dimensional (2D) carbon nanomaterial with 
extraordinary electronic, thermal and mechanical properties [52].  Graphene oxide (GO) is a 
water-dispersible nanomaterial presenting oxygen-containing functional groups such as 
hydroxyl, carbonyl, and epoxy groups. Graphene oxide is studied as a carrier for enzyme 
immobilization thanks to its large specific surface area. Generally, covalent bonding by a 
cross-linker, by use of functional groups on the GO surface or non-covalent binding through 
weak interaction (hydrophobic, hydrophilic) occurs during enzyme immobilization on this 
carrier. Chemically reduced GO provides through hydrophobic interactions excellent carrier 
for hydrophobic proteins other [48]. During enzymes immobilization on non-modified GO, 
electrostatic interactions also take place. Immobilized samples based only on these 
interactions are not suitable for practical applications, because of activity loss and low 
stability [5]. Biochemical parameters such as thermostability and reusability of immobilized 
enzyme on GO carriers have been shown to obviously improve in comparison with that of 
soluble enzyme. The alkaline protease immobilized onto GO nanosheets by covalent binding 
exhibited good operational stability. Concerning kinetics parameters, the bio-catalytic activity 
was not impaired by immobilization onto GO [48]. The study with carbonyl-functionalized 
graphene oxide proved its stability and suitability for catalysis in organic solvent. This fact is 
important for lipase immobilization onto GO carrier [44]. 
 Recently, different methods for oxidation of graphite to graphite oxide (graphene oxide) 
have been summarized and the properties of resulting products have been discussed. These 
methods are based on thermal exfoliation in presence of concentrated acids and strong 
oxidants [53].  
 In the experimental part of the thesis a series of GOs carriers varying in concentration of 
polar groups on the surface was examined for lipase immobilization. For carrier, named a-
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technical grade graphite (a1), from technical form of graphite the detailed structure data are 
available [54]. Carrier a shows the largest distance between graphene layers (0.8133 nm) 
determined by X-ray diffraction method and carrier denoted as b exhibits distance between 
graphene layers 0.7226 nm, thus smaller than a. The smallest spacing was found to be by the 



































2 EXPERIMENTAL PART 
2.1 Materials and equipment  
2.1.1 The reagents 
- acetic acid CH3COOH - Lachema, Czech Republic 
- bovine serum albumin (BSA) - Sigma Aldrich Germany  
- citric Acid monohydrate C6H8O7· H2O - LachNer, Czech Republic 
- copper (II) sulphate pentahydrate CuSO4·5 H2O - LachNer, Czech Republic 
- disodium phosphate dodecahydrate Na2HPO4·12 H2O - Lachema, Czech Republic 
- distilled water H2O - VUT Faculty of Chemistry, Czech Republic 
- ethanol C2H5OH - Merci, Czech Republic 
- Folin-Ciocault Reagent - Czech Republic 
- glycine C2H5NO2 - LachNer, Czech Republic 
- hydrochlorid acid - Penta, Czech Republic 
- p-nitrophenol C6H5NO3 - LachNer, Czech Republic 
- p-nitrophenyl laurate C18H27NO4 - Fluka Chemische Fabrik, Germany  
- polyethylene glycol (PEG) - Fluka Chemische Fabrik, Germany 
- potassium dihydrogen phosphate KH2PO4 - LachNer, Czech Republic 
- sodium carbonate Na2CO3 - Lachema, Czech Republic 
- Rhizopus Arrhizus lipase commercial preparation, Fluka Chemische Fabrik,    
 Germany 
- sodium hydroxide NaOH - LachNer, Czech Republic 
- tris(hydroxymethyl)aminomethane C4H11NO3 - Penta, Czech Republic 
2.1.2 Instrumentation 
- Analytical Balance; AND GR-202-EC, Japan 
- Automatic pipettes; Hirschmann, Biohit Proline 
- Centrifuge; Eppendorf Concentrator 5301, Hamburg, Germany 
- Desiccator, Simax, Czech Republic 
- Flow-oven; Memmert, Germany 
- Fridge; Samsung, South Korea 
- Laboratory balance; Scaltec, USA 
- pH meter; inoLab pH 720, Merci, Czech Republic  
- Spectrophotometer; UV/VIS HELIOS DELTA - Thermospetronic, UK 
- Thermostat; Huber, Germany  
- Vortex; Heildolph, REAX top, Germany  
- Water Bath; polysty cc1, Merci, Czech Republic   
2.1.3 Solution and their preparation  
2.1.3.1 Buffers  Citric-phosphate buffer (pH 5): 24.5 ml of citric acid (2.101 g of citric acid dissolved 
in 100 ml of distilled water) was mixed with 25.7 ml of Na2HPO4·12H2O solution 
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(14.328 g of Na2HPO4·12H2O dissolved in 200 ml of distilled water). Finally pH 
value was adjusted by solution of NaOH.  Citric-phosphate buffer (pH 6):17.9 ml of citric acid (2.101 g of citric acid dissolved 
in 100 ml of distilled water) was mixed with 32.1 ml of water solution of 
Na2HPO4·12H2O (14.328 g of Na2HPO4·12H2O dissolved in 200 ml of distilled 
water). Finally pH value was adjusted by solution of NaOH.  Phosphate buffer (pH 7.2): 1.431 g of Na2HPO4·12H2O and 0.549 g of KH2PO4 were 
dissolved in 240 ml of distilled water; pH value was adjusted to 7.2 by solution of 
NaOH.   Phosphate buffer (pH 8): 50 ml of water solution of tris(hydroxymethyl) 
aminomethane (2.42 g of tris(hydroxymethyl)aminomethane dissolved in 100 ml of 
distilled water) was mixed with 26.8 ml of HCl solution (1.67 ml of HCl in 100 ml of 
distilled water). Finally pH value was adjusted by solution of NaOH.  Glycine-NaOH buffer (pH 9): 50 ml of glycine aqueous solution (1.50 g of glycine 
dissolved in 100 ml of distilled water) was mixed with 8.8 ml of NaOH solution (1.6 g 
of NaOH dissolved in 200 ml of distilled water). Finally pH value was adjusted by 
solution of NaOH.   Glycine-NaOH buffer (pH 10): 50 ml of glycine aqueous solution (1.50 g of glycine 
dissolved in 100 ml of distilled water) was mixed with 32 ml of NaOH solution (1.6 g 
of NaOH dissolved in 200 ml of distilled water). Finally pH value was adjusted by 
solution of NaOH.  
2.1.3.2 Solutions for lipolytic activity assay  Phosphate buffer (50 mM, pH 7.2), prepared in 2.1.3.1  p-nitrophenyl laurate solution (2.5 mM), was prepared by dissolving 0.04 g of p-
nitrophenyl laurate in 50 ml of ethanol.   p-nitrophenol solution (1 mM); 13.9 mg of p-nitrophenol was dissolved in 100 ml of 
distilled water.   Sodium carbonate solution (1 M); 10.6 g of sodium carbonate was dissolved in 100 ml 
of distilled water.   
2.1.3.3 Solutions for Lowry protein assay  Solution of bovine serum albumin (1 mg/ml)  Reagent A consists of Na2CO3 (2%, 20 g/1000 ml), sodium potassium tartrate x 4 H2O 
(0.05 %, 0.05 g/1000 ml), and of NaOH solution (0.1 M, 4 g/1000 ml).   Reagent B consists of  CuSO4·5H2O solution (0.1%, 1 g/1000 ml)  Reagent C consists of 45 ml of solution A and of 5 ml of solution B (newly diluted at 





2.2.1 Determination of standard curves  
2.2.1.1 Determination of p-nitrophenol standard curve  
 Solution of p-nitrophenol, pNP (1.0 mM) was used for standard curve preparation. Five 
different concentration of p-NP were prepared (Tab. 4). Subsequently aliquot of pNP (0.1; 
0.2; 0.3; 0.4; 0.5 ml) was added to 1.625 ml of phosphate buffer (pH 7.2) in a tube. The 
solution obtained was stirred and incubated for 30 min at 37 ˚C. Then 0.25 ml of Na2CO3 was 
added to terminate the hydrolytic reaction. Finally, absorbance of these solutions was 
measured at a wavelength of 420 nm (Fig. 7).  
The solution without pNP was used as the blank. 
 
Tab. 4.: Composition of solutions for pNP standard curve determination 
tube  1 2 3 4 5 blank 
pNP [ml] 0.05 0.10 0.15 0.20 0.25 0.00 
phosphate buffer [ml] 1.625 1.625 1.625 1.625 1.625 1.625 
distilled water [ml] 0.20 0.15 0.10 0.05 0.00 0.25 
Na2CO3 [ml] 0.25 0.25 0.25 0.25 0.25 0.25 
n pNP [µmol] 0.10 0.20 0.30 0.40 0.50 0.00 
 
 
Fig. 7.: Standard curve of pNP 
2.2.1.2 Determination of bovine serum albumin standard curve  
 Bovine serum albumin (BSA) powder was dissolved in distilled water and diluted to 
concentration of 1 mg/ml. A series of five solutions with raising albumin concentration were 
prepared with following volume of BSA (0.1; 0.2; 0.3; 0.4; 0.5 ml) diluted in water according 
to Tab. 5. Each measurement was done in three parallel measurements. An aliquot (5 ml) of 
reagent C was added to the reaction mixture. The reaction volume was stirred and incubated 
for 10 min. Then 0.5 ml of reagent D was added to reaction mixture and incubated 30 min in 
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laboratory temperature. Subsequently, absorbance of these solutions was measured at a 
wavelength of 750 nm (Fig. 8).  
 
Tab. 5.: Standard curve of BSA  
tube  1 2 3 4 5 blank 
Albumine [ml] 0.10 0.20 0.30 0.40 0.50 0.00 
Distilled water [ml] 0.90 0.80 0.70 0.60 0.50 1.00 
Reagent C [ml] 5.00 5.00 5.00 5.00 5.00 5.00 
Reagent D [ml] 0.50 0.50 0.50 0.50 0.50 0.50 
Albumine [mg/ml] 0.10 0.20 0.30 0.40 0.50 0.00 
 
 
Fig. 8.: Standard curve of BSA          
2.2.2 Immobilization of lipase  
 A typical procedure for lipase immobilization was as follows. Five mg of carrier was 
mixed with 3 ml (1.7 mg/ml) of phosphate buffer for 15 min. Carrier suspension was prepared 
by ultrasonication performed for 1 hour. After that 1 ml of enzyme solution (different 
concentration) was added and suspension was shaken for 2 hours. 
If no stated, graphene oxide carriers were used as received with no modification. 
2.2.3 PEGylation of GO carrier 
 First, ultrasonication of GO aqueous suspension (15 ml, 1.7 mg/ml) was performed for 1 
hour. Afterwards 3 mg of NaCl and 2.5 g of ClCH2COOH were added and the mixture was 
ultrasonicated for 3 hours. Prepared GO-COOH suspension was washed three times by 
distilled water by using centrifugation. Subsequently, poly(ethylene glycol) (PEG) (0.25 g) 
was added to the suspension and the reaction mixture was ultrasonicated for 50 min. After 
that 0.04 g of N-3-dimethylamino propyl-N-ethylcarbodiimide (EDC) was added followed by 
ultrasonication for 30 min. Subsequently 0.16 g of EDC was added and the mixture was 
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mixed for 18 hours. PEGylated carrier was washed several time by distilled water by using 
centrifuge [55][56].  
2.2.4 Immobilized enzyme cross-linking with glutaraldehyde 
 The cross-linking with glutaraldehyde was performed subsequently after immobilization 
procedure described above (2.2.2 Immobilization of lipase). The glutaraldehyde (0.3 ml) was 
added by micropipette to immobilized enzyme dispersion, which was stirred for one hour. 
Then, immobilized sample was washed by distilled water by using centrifuge (10 min., 15,000 
rpm, 4 ˚C) for three times.  
2.2.5 Determination of immobilization yield 
 Protein concentration was determined by means of UV-VIS spectrometry (Spekol 1300, 
546 nm) and concretely by measuring of protein adsorption at wavelength 280 nm. The 
function Protein Analytics was selected to generate protein concentration [µg/ml] under the 
measurement. This method was chosen because of sensitivity of the measurement and rapid 
analysis. This method gives result comparable with Bradford or Lowry methods. The protein 
concentration is determined according to equation as follows:  
 
concentration of protein [µg/ml] = (Abs280 nm · 1552) – (Abs260 nm · 757.3) 
 
 The dispersion of immobilized enzyme was centrifuged (15,000 rpm, 4˚C, 10 min) and 
subsequently the content of protein in supernatant was measured. In ideal case zero protein 
content in supernatant means 100 % of yield of immobilization.  
Immobilization yield was determined as follows: 
                                                                
 
 Protein assay was verified by Lowry method. This method is based on a biuret reaction that 
includes the use of Folin-Ciocalteu reagent for enhanced color development. Under alkaline 
conditions cupric ions (Cu2+) chelate with the peptide bonds resulting in reduction of cupric 
ions to cuprous ions (Cu+). The cuprous ions are subsequently detected with Folin-Ciocalteu 
reagent (phosphomolybdic/phosphotungstic acid complex; Mo+6/W+6). Cuprous ions 
reduction of Folin-Ciocalteu reagent produces a blue colour that can be read at 750 nm.  
 The dispersion of immobilized enzyme was centrifuged (15,000 rpm, 4˚C, 10 min) and 
subsequently the content of protein in supernatant was measured. The reaction mixture 
consisting of 0.5 ml of supernatant and reagent C was incubated for 30 min at laboratory 
temperature. Subsequently, 0.5 ml of reagent C was added to reaction mixture and incubation 
was left proceeding for additionally 30 min. The absorbance of reduced Folin-Ciocalteu 
reagent was measured at a wavelength of 750 nm. For blank, enzyme was replaced with 
distilled water [57].  
 Calculation of the protein concentration was based in linear regression equation obtained 
by evaluation of standard curve of BSA.  
 Concentration of proteins was calculated as follows:  
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c    concentration of enzyme   
A750   absorbance 
cb, ca   values based on linear regression equation (          ) 
2.2.6 Determination of activity coupling yield  
 Activity coupling yield was determined on the base of retention of soluble enzyme activity 
displayed by immobilized enzyme. Lipolytic activity was determined by standard assay [58]. 
Enzyme solution (0.125 ml) was added into of phosphate buffer (1.625 ml, pH 7.2, 56 mM). 
Further, p-nitrophenyl laurate (pNFL, 0.125 ml) as the substrate was added and dispersion 
was immediately mixed for a period of 30 min. After that 0.250 ml of Na2CO3 (1M, 
(inhibitor) was added. Subsequently, absorbance of this solution was measured at wavelength 
of 420 nm. For blank, the substrate was replaced with phosphate buffer. 









Ak 420  
a     activity of immobilized enzyme [U/mg]   
A420    absorbance at 420 nm 
t     time [min] 
f     conversation factor  
fdilution   dilution factor 
cE     concentration of enzyme in reaction solution  
 
 Activity of immobilized enzyme [U/mg] expresses efficiency of catalytic reaction 
performed by certain amount of enzyme protein (mg). U is equal to unit, in the case when the 
amount of enzyme catalyses the reaction of 1 µmol of substrate per one min.  
 
 Activity coupling yield was determined as follows:  
100(%)  faCY  
a     activity of immobilized enzyme [U/mg]   
f     activity of soluble enzyme [U/mg]   
2.2.7 Determination of biochemical parameters of enzyme 
2.2.7.1 Determination of pH optimum 
 The effect of pH on the soluble and immobilized lipase activities was studied in the pH 
range varying from 5 to 10 at 23 ˚C, using pNPL as the substrate. Reaction mixture consisting 
of 1.625 ml of buffer; 0.125 ml of enzyme and 0.125 ml of substrate was stirred and left to 
incubate gradually at pH 5; 6; 7; 8; 9; and 10 ˚C for 30 min. Then 0.250 ml of Na2CO3 was 
added to terminate the reaction. Subsequently, absorbance of this solution was measured at 
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wavelength of 420 nm. For blank, the substrate was replaced with phosphate buffer. To 
calculate the relative activity the highest CY was taken as 100%.  
2.2.7.2 Determination of temperature optimum  
 The effect of temperature on the relative activity of the soluble and immobilized enzyme 
was determined at pH 7.2 in temperature range varying from 30 to 55 ˚C, using pNPL as the 
substrate. Reaction mixture consisting of 1.625 ml of buffer; 0.125 ml of enzyme and 0.125 
ml of substrate was stirred and left to incubate gradually at 30; 35; 40; 45; 50 and 55 ˚C for 30 
mi. Then 0.250 ml of Na2CO3 was added to terminate the hydrolytic reaction. Subsequently, 
absorbance of this solution was measured at wavelength of 420 nm. For blank, the substrate 
was replaced with phosphate buffer. To calculate the relative activity the highest CY was 
taken as 100%.  
2.2.7.3 Determination of thermal stability  
 The thermal stability assays were performed by the incubation of the same amount of 
immobilized or soluble enzyme at various temperatures (25-70˚C) for 1 hour. Reaction 
mixture consisting of 1.625 ml of buffer and 0.125 ml of enzyme was stirred and left to 
incubate. After 1 hour, 0.125 ml of pNPL was added to reaction mixture and left to incubate 
at 23 ˚C for 30 min. To terminate the reaction 0.250 ml of Na2CO3 was added. Subsequently, 
absorbance of this solution was measured at wavelength of 420 nm. For blank, the substrate 
was replaced with distilled water. To calculate the residual activity the CY at 25 ˚C was taken 
as 100%. 
2.2.8 Determination of kinetics of enzyme-catalyzed hydrolytic reaction  
 The kinetics parameters of enzyme catalyzed pNPL hydrolytic reaction were performed 
with different concentration of substrate. Reaction mixture consisting of 1.625 ml of buffer, 
0.125 ml of enzyme solution, and 0.125 ml of pNPL ethanol solution at respective 
concentration (1.75; 2.5; 3.75; 5 mM) was stirred and left to incubate for 30 mi at 23 ˚C. Then 
0.250 ml of Na2CO3 was added to terminate the reaction. Subsequently, absorbance of this 
solution was measured at wavelength of 420 nm. For blank, the substrate was replaced with 
phosphate buffer. 
2.2.9 Storage stability  
 The remaining lipolytic activity was measured periodically within six months. For this 
purpose, immobilized lipase was stored in phosphate buffer (pH 7.2, 56 mM) at 4 ˚C for up to 





3 RESULTS AND DISCUSSION  
 The thesis was focused on the study of the effect of the type and concentration of 
functional groups on graphene oxide (GO) surface on its potential to function as a carrier for 
model lipases immobilization. The character of interactions between enzyme and a carrier was 
evaluated indirectly according to the activity coupling and immobilization yield. 
Immobilization yield was determined on the base of the measurement of protein content by 
UV-VIS spectrometry as described previously (chapter 2.2.3. in Experimental part). The 
activity assay was performed by spectrophotometric method using p-nitrofenyl laurate 
(pNPL) as the substrate. The measurement of lipolytic activity was done in triplicate and the 
results are expressed as average values. 
 Lipase from Rhizopus arrhizus (RA lipase) was immobilized directly (non-covalently) on 
GOs in phosphate buffer solution. Selected type of GO was in addition modified with 
poly(ethylene glycol) (PEG) with molar mass of 1800-2200 g/mol, which was examined as 
carrier as well. Last but not least covalent immobilization approach through cross-linking of 
enzyme previously adsorbed on carrier with glutaraldehyde (GA) was also involved. 
3.1 Screening on carrier potential for direct hydrolase immobilization 
(adsorption)  
 Graphene oxides (GO) prepared by different oxidation routes were studied as carriers for 
direct immobilization, thus adsorption, of lipase from Rhizopus arrhizus, RA lipase. Both 
immobilization procedure and following study was performed in the environment of 
phosphate buffer (56 mM, pH 7.2) at 23 ˚C (except for thermostability study). The efficiency 
of immobilization process was evaluated on the basis of immobilization yield and activity 
coupling yield. Immobilization yield (IY) expresses sorption capacity of the carrier at certain 
concentration of soluble enzyme. Activity coupling yield (CY) is a value of retained activity 
of immobilized enzyme compared to that of soluble enzyme, which is assumed as 100 % [58].  
 A series of enzyme concentrations used for adsorption immobilization was studied. It was 
found out that all of the carriers shown relatively comparable trend, where, the efficiency of 
immobilization (IY) decreases gradually with rising initial enzyme concentration. The highest 
IY was gained at RA lipase initial concentrations of 0.1 and 0.25 mg/ml (Fig 9). Standard 
deviations were maximally 6.3 %, only in the case of carrier denoted as d they were 8.3 %. 
With higher enzyme concentration contingent multilayer adsorption may cause decrease in 
CY. Due to multilayer enzyme adsorption the access of substrate to active site of immobilized 
enzyme may be also partially blocked [59]. 
 For carriers a, b, c, and d the highest CY was achieved at the enzyme concentration of 0.1 
mg/ml and with raising soluble enzyme concentration a decrease in CY was observed (Fig. 
10). The decline of CY correlated well with increasing concentration of various polar groups 
present on the surface of each type of the carrier.  
 Maximum enzyme loading of 0.31 mg of enzyme per mg of nanomaterial was achieved 
with immobilization yields up to 68% for carrier b. 
 Quantitative immobilization yield (100 %) was achieved for enzyme loading of 0.10 mg of 
protein per mg of carrier (enzyme concentration 0.5 mg/ml). 
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 Thus, the sorption capacity was enhanced for the most hydrophobic carrier (d). The 
presence of polar groups could lead to non-specific immobilization and therefore influences 




Fig. 9.: Influence of enzyme concentration on lipase immobilization yield . The content of 




Fig. 10.: Influence of soluble enzyme concentration on activity coupling yield of 




 The a1 carrier was prepared by the same way as the carrier a, but technical grade graphite 
containing sulphur was used as the reagent [54]. For RA lipase directly immobilized on this 
carrier different trend was measured, where the highest CY was achieved at enzyme 
concentration of 0.5 mg/ml (Fig 11). It could be the consequence of intercalated sulphur and 
also the sulphate groups on the surface of a1 carrier, which enlarged reaction area for enzyme, 
thus more enzyme molecules could be bound to the surface [60]. 
 
 
Fig. 11.: Comparison of immobilization efficiency of carriers prepared from technical 
grade graphite and pure graphite. The square symbols characterize immobilization 
yield, the round symbols characterize the coupling yield. 
 
 Our results obviously show that the primary precursor graphite plays specific integral role 
on the features of oxidized graphene prepared by same oxidising reactions.   
3.2 Storage stability evaluation  
 To evaluate the storage stability the soluble and non-covalently immobilized enzymes on 
a-d GO carriers were stored at 4 ˚C in phosphate buffer solution (56 mM, pH 7.2). Lipolytic 
activity of immobilized samples was measured periodically for 180 days. The activity 
retention of soluble enzyme was tested after 7, 21, 42 days of storage (Fig. 12). Soluble 
enzyme lost more than 84 % of its initial activity after 42 days. All immobilized enzyme 
samples displayed enhanced storage stability in comparison with soluble enzyme at certain 
conditions. Soluble RA lipase retained 67 % its initial activity after 21 days, while the 
retained activity of the enzyme immobilized onto c carrier was 100 %. Among all tested GO 
carriers the best storage stability was achieved for RA lipase immobilized onto the c carrier 
since even after 180 days immobilized sample still kept 87 % of its initial activity.  
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 With no doubt, such results demonstrated the great potential of using GOs carriers for 
enzyme immobilization and related possible bio-catalytic applications. 
 
 
Fig. 12.: Storage stability of soluble lipase from RA compared with that immobilized onto 
modified a, b, c, and d carriers. Standard deviations ±0.1. 
  
 On the base of screening study performed, carrier a1, for which technical grade graphite 
was used and displayed interesting results and also considering the content of reactive 
(functional) groups on the surface was chosen as a precursor for modification reactions. For 
all following immobilization experiments initial enzyme concentration of 0.5 mg/ml was 
used. 
 Concretely, the carrier type a1 was further modified by monofunctional poly(ethylene 
glycol) (PEG), and the modified carrier was denoted as PEG-a1. PEG chains ended with 
amino groups were grafted to a1-GO carrier functionalized with carboxylic groups through 
carbodiimide catalyzed amide formation. 
 Adsorbed RA lipase on a1 was additionally cross-linked with glutaraldehyde (GA), 
immobilized sample is denoted as GA(RA-a1).  
 RA lipase immobilization on PEG-a1 carrier results in 100 % immobilization yield and a 
slightly higher activity coupling yield of 42.4±0.05 % in comparison with those achieved by 
lipase immobilized on a1 carrier (Fig. 13). PEG supposed to act as a spacer in immobilization 
process.  In our case, PEGylation proved its advantage of better accessibility of functional 
groups on carrier surface and resulted in the 100 % immobilization yield. Hydrophilic tether 
introduction contributes to better preservation of the protein structure and consequently 
enhances the possibility that the active site of enzyme is more accessible for the interaction 
with substrate [61].  
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 Cross-linked lipase GA(RA-a1) possessed lower immobilization yield of 70.6 %, but 
higher activity coupling yield of 55.8 % ±0.01 in comparison with those achieved by lipase 
immobilized on PEG-a1 carrier. Lower immobilization yield is presented quite often for this 
method in the literature. The possible creation of three-dimensional structures could cause a 
decrease in protein detection. 
 
Fig. 13.: Comparison of immobilization and coupling yield of the lipase from RA 
immobilized onto a1 carrier and its modifications. Activity coupling yield (CY) 
expresses retained lipolytic activity of immobilized enzyme compared to soluble enzyme 
and immobilization yield (IY) is an expression of sorption capability of the carrier.  
  
 It is necessary to take into the consideration, that within the GA cross-linking, the aldehyde 
groups supposed to react mainly with amino groups of lysine resulting in Schiff bases. In our 
case, glutaraldehyde could also cross-linked GO carrier sheets themselves and thus the 
CLEAs aggregates could form [62]. Cross-linked enzyme aggregate-CLEA represents the 
system with high stability but different lipolytic activity against various substrates. The results 
of CY differ according to specific immobilized enzyme in literature [63]. To consider all these 
aspect, also new enzyme conformations could enhance the CY in our case.  
3.3 Determination of biochemical parameters  
 Biochemical parameters such as temperature and pH values have a remarkable influence in 
catalytic action. The activity yield of an enzyme may be improved and thus the temperature 
optimum, thermalstability and pH optimum were measured.  
3.3.1 Temperature optimum 
  Temperature optimum of soluble and immobilized RA lipase was determined at pH 7.2 in 
temperatures range from 30 to 55 ˚C, using spectrophotometric assay with p-NPL as the 
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substrate. The temperature activity profiles of soluble enzyme and immobilized lipase onto a1 
and PEG-a1 at different temperature are presented in Fig. 14. The optimum temperature of 
soluble RA lipase was 35 °C. For sample immobilized directly on a1 it was found to be almost 
the same. At higher temperatures a rapid decrease in relative activity was seen for both 
soluble and adsorbed RA lipase on a1 carrier. The activity loss can be compensated by using 
the immobilized lipase repeatedly at temperature optimum (typical advantage of these 
systems) [44]. Thus non-covalent interactions between a1 carrier and RA lipase did not ensure 
the protection for the enzyme against the higher temperature, means up to 40 ˚C.  
 The optimum temperature of lipase immobilized onto PEG-a1 was found to be at 40 ˚C and 
immobilized sample is evidently more stable in the range from 30 to 45 ˚C. At higher 
temperatures (< 45 ˚C), the relative activity declined rapidly. Based on the results, PEG 
spacer was proved as protecting agent of the enzyme against protein thermal denaturation.  
 
 
Fig. 14.: Temperature optimum of lipase from RA both soluble and immobilized onto a1, 
and PEG- a1.  
3.3.2 Thermal stability 
 Thermal stability of soluble enzyme and enzyme immobilized onto a, a1, PEG-a1, and 
GA(RA-a1) sample was studied in the temperature range from 30 to 70 ˚C. Enhanced thermal 
stability was detected namely for lipase cross-linked with GA and this sample was found to be 
more thermostable than those directly immobilized onto a1 and PEG-a1 carriers (Fig. 15). 
Lipase immobilized onto a1 and PEG-a1 show comparable trends, with residual activity over 
50 % at the temperature of 40 ˚C. Rapid decrease in residual activity below 20 % was seen at 
temperatures > 50 ˚C. It may be the consequence of thermal denaturation of enzyme 
accompanied by disruption of non-covalent bonds or hydrophobic interaction.  
 Immobilized sample GA(RA-a1) has residual activity more than 50 % up to 60 ˚C. It is the 
consequence of intermolecular covalent linkages between the enzyme and carrier which 
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impart the rigidity to the structure of the enzyme [64]. The results agree with literature. It was 
found out that the thermostability of immobilized α-amylase at 60 ˚C was increased by 60 
times compared to that displayed by soluble enzyme [65][66]. 
 RA lipase immobilized onto a (pure graphite) (Fig. 16) has enhanced thermal stability in 
comparison with that immobilized on a1 carrier (technical grade graphite).The decrease  of 





Fig. 15.: Thermal stability of lipase from RA both soluble and immobilized onto PEG-a1 






Fig. 16.: Thermal stability of lipase from RA both soluble and immobilized onto a, a1. In 
case of carrier a the covalent attachment could improve thermal stability and the 
highest amount of polar groups on its surface could lead to non-specific interaction, 
which may cause lower CY in comparison with other carriers. 
3.3.3 pH optimum  
 The effect of pH value of the solution on the immobilized enzyme activity depends on the 
enzyme, the immobilization method and the carrier used. The determination of pH optimum 
was performed by incubation of previously immobilized enzyme in buffers with various pH 
values.   
 The carrier itself behaves at the range of pH from 3 to 11 as follows. At low pH, the 
carboxyl and phenolic groups are protonated thus the GO sheets become less hydrophilic and 
form aggregates. At high pH, the deprotonated carboxyl groups forms the surface more 
hydrophilic and hencethe individual GO sheets prefer to dissolve in bulk water. 
 Optimal pH of both lipase soluble and immobilized onto a1 and PEG-a1 was studied in the 
range of pH 5-10. The soluble enzyme displayed the maximum activity at pH 9. This result 
correlates well with literature, where pH optimumof crude lipase from Rhizopus arrhizus was 
found out at pH 9 [67].  
 For immobilized enzyme it is necessary to consider the great influence of surrounding 
microenvironment on the protein conformation as well as protonated/ionized form of amino 
acids. Especially amino acids located in the nearest surrounding of active site could be 
affected by pH value. As shown in Fig. 17, for both immobilized samples pH optimum was 
shifted to acidic region. Optimal pH of PEG-a1 immobilized sample was found at pH 7. As 
the result of PEG-a1 carrier preparation, carboxylic groups of a1 carrier were consumed and 
hence negative charges were decreased. In the literature immobilization to polycationic 
surface was reported to result in a more acidic optimum pH measured for the enzyme 





Fig. 17.: pH optimum of lipase from RA in soluble form and immobilized onto a1 and PEG-
a1 carrier.  
 
 Both the immobilized lipase showed enhanced activity at acidic pH values in comparison 
with soluble enzyme. The shape of pH activity profile could be ascribed to effect of the 
microenvironment of the immobilized enzyme. 
3.4 Kinetics parameters 
 A study of enzyme reaction kinetics was performed on the enzymatic catalysed hydrolysis 
of p-NPL with varied initial substrate concentrations from 1.75 to 5 mM. Basic kinetics 
parameters: Vmax and Km were determined from Lineweaver-Burk plots [51]. The values are 
summarized in Tab. 6. The Michaelis constant Km is an inverse measure of the substrate´s 
affinity for the enzyme. So, small Km indicates high affinity of enzyme to substrate, meaning 
that the rate will approach Vmax more quickly. The value of Km is dependent on the enzyme 
and substrate, as well as conditions such as temperature and pH value [68]. Value Vmax 
expresses the velocity of the formation of the enzyme-substrate complex. When Vmax value 
decreases the accessibility of substrate to the enzyme active site is limited.   
 Significant differences were observed in kinetics parameters Vmax and Km for hydrolytic 
reaction on p-NPL as a substrate catalyzed by lipase from RA both soluble and immobilized 
onto different GO carriers. Obviously the Vmax values of all immobilized lipases decreased in 
comparison with that displayed by the soluble one due to the diffusion limitations. 
 The increased affinity between enzyme and the substrate was measured for sample 
immobilized on a1 carrier. This sample exhibits high activity coupling yield even with rising 
enzyme concentration, but its thermal stability is comparable to soluble enzyme. It may be the 
consequence of non-covalent interactions with a1 carrier, when enzyme during adsorption 
retains its native conformation, which has in solution. The carbon carrier is in the form of 
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porous nanoparticles with high surface area and the role of sulphate groups with respect to 
enzyme immobilization is not clear [51].  
 
Tab. 6.: Summary of kinetics parameters of hydrolytic reaction catalyzed by lipase from RA  
carrier pH substrate Km 
[mM] 
Vmax [µmol·min-1 ·L-1] 
soluble enzyme 7.2 p-NPL 0.40±0.09 42±6 
a1 7.2 p-NPL 0.08±0.02 3.5±0.4 
PEG-a1 7.2 p-NPL 0.40±0.70 12.3±11.6 
a 7.2 p-NPL 0.70±1.6 4.3±7.4 
 
 The immobilized lipase on carrier a was found out to have the lowest affinity to substrate 
among all studied immobilized samples. This fact correlates well with observed CY, which 
was also the lowest one. The carrier a contained the most polar groups on its surface, thus 
non-specific interactions could occur during immobilization. These interactions consequently 
lead to the changes of the protein conformation especially in the vicinity of active centre. A 
decrease of the value of activity coupling yield documents extent of conformational changes. 
On the other site, the occurrence of covalent linkages results in the enhancement of the 
thermostability of this sample.  
 The carrier PEG-a1 has not changed affinity to substrate compare to soluble enzyme. It was 
probably due to PEG tether, which reduces burial of the active site against the hydrophobic 





















 The aim of this thesis was to study the interaction between the model lipase and carbon-
based material. Graphene oxides (GOs) prepared by different oxidation routes and thus with 
various functional groups on the surface were used in this study as the carriers.  
 In the theoretical part of the thesis the attention was paid on the techniques of 
immobilization process and interactions commonly occurred between enzyme proteins and 
carriers. To have a theoretical background for discussion of results, literature survey 
concerning the immobilization based on direct enzyme adsorption (hydrophobic adsorption) 
and covalent binding was performed. 
 In experimental part a series of graphene oxides (a, a1, b, c, d) were used as the carriers for 
immobilization, thus adsorption of commercially prepared lipase isolated from Rhizopus 
arrhizus fungi. The a1 carrier was further modified by monofunctional poly(ethylene glycol)  
(PEG), where the carrier was denoted as PEG-a1. Adsorbed RA lipase on a1 was additionally 
cross-linked with glutaraldehyde (GA), immobilized sample is denoted as GA(RA-a1). The 
efficiency of immobilization (IY) reached 100 % at initial enzyme concentrations of 0.1 and 
0.25 mg/ml in the case of carriers a, b, c and d, and then decreases slowly with rising enzyme 
concentration. The comparable trend was observed for retention of initial activity (coupling 
yield, CY). The decrease of CY correlated well with the increasing concentration of various 
polar groups on the surface of each type of carrier. All the immobilized samples displayed 
enhanced storage stability compared to soluble form after 42 days.  
 The temperature optimum of soluble enzyme was found at 35 ˚C. In the case of lipase 
immobilized onto PEG-a1 optimal temperature shifted to 45 ˚C. The thermostability 
evaluation proved that the GA(RA-a1) sample exhibits the best result compare to soluble 
enzyme and other immobilized samples. This fact is ascribed to rigid multipoint binding and 
is in accordance with published study in literature. The pH optimum of lipase immobilized 
onto PEG-a1 was shifted to pH 7, compared to soluble form (pH 9). As the result of PEG-a1 
carrier preparation, carboxylic groups of a1 carrier were consumed and hence negative 
charges were decreased. Basic kinetics parameters: Vmax and Km were determined from 
Lineweaver-Burk plots. The lowest Km and thus increased affinity of enzyme to substrate was 
measured for sample immobilized on a1 carrier. These results well correlate with sample 
exhibits high activity coupling yield even with rising enzyme concentration. The immobilized 
lipase on carrier a was found out to have the lowest affinity to substrate among all studied 
immobilized samples. This trend may be consequence of non-specific interactions, which lead 
to the changes of the protein conformation. The carrier PEG-a1 has not changed affinity to 
substrate compare to soluble enzyme thus stabilized the enzyme. 
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6 LIST OF ABBREVIATIONS 
a     graphene oxide prepared by oxidation method 1 (from pure graphite) 
a1     graphene oxide prepared by oxidation method 1 (from technical grade graphite) 
b     graphene oxide prepared by oxidation method 2 
c graphene oxide prepared by oxidation method 3  
d     graphene oxide prepared by oxidation method 4 
AFM    atomic force microscopy 
BSA    Bovine serum albumin 
CLEAs   cross-linked enzyme aggregates  
CY    coupling yield 
EDC     N-3-dimethylamino propyl-N-ethylcarbodiimide 
GA     glutaraldehyde 
GA(RA-a1) graphene oxide cross-linked with glutaraldehyde 
GO    graphene oxide 
IY     immobilization yield 
PEG    poly(ethylene glycol) 
PEG-a1           PEGylated graphene oxide  
pI     Isoelectric point 
pKa The negative decadic logarithm of the acidity dissociation  constant 
p-NF    para-nitrophenol 
p-NFL   para-nitrophenyl laurate 
PVA    poly(vinylalkohol) 
























Fig. 18.: Kinetics parameters of hydrolytic reaction catalyzed by lipase from RA 




Fig. 19.: Kinetics parameters of hydrolytic reaction catalyzed by lipase from RA 
immobilized onto carrier a1. 
 
Fig. 20.: Kinetics parameters of hydrolytic reaction catalyzed by lipase from RA 
immobilized onto carrier PEG-a1. 
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